Abbreviations: DT ϭ deceleration time; DMT ϭ mean of the differences between MT in the conditions 'small' and 'large' for each corresponding trial; DPVA1/2 ϭ mean of the differences between the peak velocity in the first/second segment in the conditions 'small' and 'large' for each corresponding trial; DTS1/2 ϭ mean of the differences between TS1/2 in the conditions 'small' and 'large' for each corresponding trial; ID ϭ index of difficulty; MT ϭ total movement time; P ϭ pause duration; PV ϭ peak velocity amplitude; RT ϭ reaction time; TPA ϭ time to peak acceleration; TPD ϭ time to peak deceleration; TPV ϭ time to peak velocity; TS1/2 ϭ time for the first/ second sequence segment
Introduction
Although bradykinesia is one of the main features in ment segments are commonly reported in these patients (Berardelli et al., 1986a; Agostino et al., 1992 ; Bennett Parkinson's disease, the underlying cause is poorly understood (Hallett and Khoshbin, 1980; Marsden and Obeso, et al., 1995) . Deficient programming of a sequence should prolong 1994). Peripheral as well as central mechanisms are thought to contribute to the bradykinesia in Parkinson's disease initiation as well as execution of movement segments. Support for a programming deficit in Parkinson's disease is rather (Berardelli et al., 1986b; Stelmach et al., 1986; Jahanshahi et al., 1992) . Clinical and experimental data suggest that mixed (Bloxham et al., 1984; Stelmach et al., 1986; Benecke et al., 1987; Jahanshahi et al., 1992) . For example, one index slowness in Parkinson's disease becomes even more pronounced when simultaneous or sequential movements are of programming integrity is the 'length effect'; reaction time (RT) increases with the length of a sequence. Rafal et al. performed (Benecke et al., 1986 Agostino et al., 1992; Castiello et al., 1993a) . In sequential tasks, for example, (1987) showed a normal length effect in Parkinson's disease patients, suggesting that their programming processes are patients often produce prolonged movement durations for the components of a sequence, compared with separately preserved. Harrington and Haaland (1991) , in contrast, did not observe a normal length effect in Parkinson's disease executed components. In addition, hesitations between move-patients. They reported pauses between the movement Hospital of The Heinrich-Heine University ethical committee had approved the experimental design of the study. segments in Parkinson's disease and interpreted these findings as evidence of faulty programming. Their interpretation is based on the assumption that Parkinson's disease patients start the execution of the first segment before completing all
Apparatus and procedure
The subjects were seated comfortably in a chair in front of programming processes; consequently, they are hesitating between the segments to complete the programming.
a GTCO Digi-Pad digitizing board (100 Hz sampling frequency, 0.1 mm spatial accuracy). After an imperative Harrington and Haaland (1991) suggested that the generation of the motor plan, rather than its implementation is disturbed auditory stimulus of 50 ms duration, arm drawing movements were executed as quickly as possible, without hesitations, in Parkinson's disease patients.
The goal of this study was to examine the motorfrom a starting point to a defined target location on the digitizer tablet using the stylus of the digitizer (Fig. 1) . The programming abilities of Parkinson's disease patients during execution of a two-segment movement. For this purpose, our relative importance of movement speed and smoothness over execution accuracy was repeatedly stressed during the experiment was modelled after Marteniuk et al. (1987) . These authors demonstrated that, for normal subjects, the kinematics experimental session. The target locations were organized so that subjects had full vision of the trace of the stylus during associated with grasping an object were influenced by the functional requirements of either throwing the object or the entire movement. After reaching the final target, the subject waited until the end of the sampling period (2 s) fitting the object into a preformed hole. These findings clearly established that in normal subjects motor programming of before moving the stylus back to the starting position. Then, the next imperative auditory stimulus was given. earlier movement segments take into account the accuracy requirements of subsequent movement segments.
The three different conditions used were as follows (see Fig. 1 ): (i) condition 'simple'-drawing a 10 cm horizontal This experiment manipulates movement difficulty in the second segment of a two-segment movement to examine line from the starting point into a 2ϫ2 cm 2 square from right to left toward the body's midline; (ii) condition 'large'-motor programming in normal and Parkinson's disease subjects. At issue is whether the kinematics of the first drawing a 10 cm line as in the 'simple' condition and proceeding with a movement reversal away from the body segment are influenced by the difficulty of the second. Based on previous research, the index of difficulty of the second midline to a second 2ϫ2 cm 2 square 10 cm from the first target [index of difficulty (ID) for the second segment: 3.32 segment is predicted to influence the execution of the first segment. These findings are summarized under the description (ID ϭ log 2 (2A/W), where A ϭ movement amplitude and W ϭ target width; Fitts, 1954)]; and (iii) condition 'small'-'context effect' in Marteniuk et al. (1987) . The experimental design employed permits a distinction between two possible same as condition 'large' except that the second square was 0.7ϫ0.7 cm 2 (ID for second segment ϭ 4.84). Two blocks problems in Parkinson's disease. First, if a programming deficit is contributing to the disturbed sequential performance of 25 trials per condition were presented in a semi-randomized order. The x-and y-position coordinates of the 50 trials in in Parkinson's disease, the movement kinematics of the patients would be less sensitive to the accuracy demands each condition were digitized for further off-line analysis. The duration of the experimental session was~1 h. in the second segment. Secondly, if motor-programming processes for the sequence are not impaired and the first segment is influenced by the accuracy requirements in the second segment, but there are hesitations in the inter-
Data processing and analysis
Movement kinematics were analysed by using a software segment-phase, a problem in implementing the motor programme is suggested. These hesitations should escalate package supported by a 386 IBM-compatible personal computer. After filtering the sampled position data with a as the accuracy requirements of the second segment increase.
10 Hz dual pass, second-order Butterworth filter, the first (velocity) and second (acceleration) derivatives of both position coordinates were calculated. Afterwards the Methods tangential velocity and tangential acceleration were computed by determining the length of the velocity and acceleration
Subjects
Fifteen parkinsonian (aged 59Ϯ13 years; 9 female and 6 vector, this resulted in only positive values, independent of direction. Analysis procedures determined the time and male) and 15 control subjects (aged 57Ϯ7 years; 5 female and 10 male) took part in the study. The age difference was amplitude of the peak velocities, peak accelerations, and peak decelerations in both movement segments, as well as not significant (P ϭ 0.47, independent t test). The patients suffered from Parkinson's disease in the stages II, III or IV the lowest velocity value at the reversal point between the segments. Furthermore, an automated baseline-break (Hoehn and Yahr, 1967) (Table 1 ) and were tested 1 h after medication intake. The control subjects were free from detection algorithm was used to find the onset and the completion of each movement component. The algorithm neurological disorders. All subjects were right handed. Informed consent was given by all subjects and the University used a relative threshold (10% of the peak velocity amplitude) A mixed between-and within-subject design was used, of the subject in relation to the template and the digitizing tablet. The templates for the three conditions ('simple', 'large' and with group as a between-subject factor and condition and 'small') display the target boxes and the movement direction.
block as within-subject factors. A priori orthogonal contrasts were used to determine the interaction effects between to determine the baseline break. This is a conservative the factors. criterion, since it underestimates movement duration, especially for trials with low velocity as occurred in the Parkinson's disease patients (complete algorithm in Castiello et al., 1993b) . The landmarks determined by the analysis
Results
An analysis at the group level was undertaken describing the software were verified by the experimenter with the help of interactive computer graphics. Using these kinematic kinematics of the movements. Kinematic changes in the second segment revealed the influence of changing target landmarks, the following dependent parameters were computed: movement time (MT), time for the first segment size, while kinematic changes in the first segment (due to modified accuracy requirements in the second segment) (TS1), time for the second segment (TS2), pause duration (P), time to peak velocity (TPV), deceleration time (DT), revealed the influence of the movement context. Subsequently, an analysis at the subject level tested whether the movement time to peak acceleration (TPA) and time to peak deceleration (TPD), which are explained in the legend of Fig. 2. A times of the first and second segments were correlated, whether the movement context (accuracy requirements) hesitation was defined as a pause lasting Ͼ20 ms.
Trials in which the turning point (only in conditions 'large' influenced the kinematics of the first segment significantly disease patients as compared with 204 ms in the controls). For controls, the entire movement time (MT) in the two complex conditions differed significantly with a longer MT in the more difficult condition 'small' in comparison with the condition 'large' (Table 2A) . While for the patient group, a substantial lengthening of the MT was observed in the condition 'small' compared with the condition 'large'; this difference in MT between the two complex conditions (184 ms) just failed to reach significance [F(1,14) ϭ 3.13, P ϭ 0.08]. Between-group comparisons showed that the movement times were longer in the Parkinson's disease patients; the 30% increase in the MT in the patient group clearly showed the extent of their bradykinesia [F(1,28) ϭ 20.72, P Ͻ 0.001].
Kinematics of the second segment
In the conditions 'large' and 'small', target size was changed for the second segment while the distance moved was kept constant, resulting in IDs being greater in the condition 'small'. Since the error distribution was comparable in both groups, a prolongation of the movement time and a decrease in velocity amplitude in the second segment (Table 2B) were expected for both groups in the condition 'small'. For the Parkinson's disease patients, a prolongation of and whether the degree of correlation between the movement movement time and a decrease in peak amplitude in the times of the first and second segments were influenced by second segment was observed (Table 2B ). The large difference the movement context, the target size, and/or hesitations.
in TS2 (130 ms) between condition 'large' and 'small' was due to a 95 ms prolongation of DT2 in the condition 'small' and a smaller increase of the TPV2 (35 ms). The higher Analysis at the group level accuracy demands in the second segment suppressed peak velocity [F(1,14) ϭ 5.45, P Ͻ 0.05], peak acceleration and
Reaction time and movement time
For the control group and the Parkinson's disease patients, peak deceleration. Between-group comparisons revealed that movement the reaction time did not differ significantly between the three conditions (Table 2A) . However, there was a significant kinematics of both groups varied with target size, but Parkinson's disease patients executed their movements main effect of condition [F(1,56) ϭ 7.88, P Ͻ 0.01]. The mean RT for both conditions 'large' (230 ms) and 'small' significantly slower than controls, as indicated by significant group differences for TS2, TPV2 and DT2 (Table 2B ). The (230 ms) were significantly larger than the mean RT for condition 'simple' (219 ms). The RT was not significantly increase of TS2 was more pronounced for the Parkinson's disease patients than for controls due to the substantial different between the groups (248 ms in the Parkinson's MeansϮSEMs are shown. *P Ͻ 0.05, **P Ͻ 0.01 (comparing conditions 'large' and 'small').
prolongation of DT2, but condition interactions for these In general, the control subjects made slower movements in the first segment when the second segment was more parameters just failed to reach significance. However, the patients modulated their velocity and acceleration less than difficult (Table 2A ). There was a significant effect of the conditions 'large' and 'small' on movement time in the first controls. The groups differed significantly [F(1,28) ϭ 4.45, P Ͻ 0.05] between conditions 'large' and 'small' for the segment (TS1) [F(1,14) ϭ 12.64, P Ͻ 0.01]. The time to peak velocity (TPV1), the deceleration time (DT1), as well as amplitudes of peak velocity, peak acceleration and peak deceleration. In summary, the patients modified their the time to peak deceleration (TPD1) increased significantly in the condition 'small'. In addition, the amplitude of peak movements similarly to the control subjects, but differences between conditions were less pronounced. velocity, peak acceleration and peak deceleration decreased significantly in the condition 'small'. In summary, several changes in the kinematics of the first segment were found in the controls, in parallel with the increased accuracy demands
Kinematics of the first segment
To assess the motor-programming capabilities of the two in the second segment, suggesting that movement context affected their performance. subject groups, the kinematics of the first segment were examined as a function of difficulty in the second segment. For Parkinson's disease patients, increased accuracy demands for the second segment also influenced the If the two segments are programmed together, the accuracy demands in the second segment should influence the execution kinematics of the first segment. The temporal changes consisted of a substantial prolongation of TS1 due to an characteristics of the first. This 'context effect' was qualitatively described by Marteniuk et al. (1987) .
increase in TPV1 and DT1, while the times to peak 2A). The patients also failed to exhibit faster speed in the condition 'simple'. They executed the first segment with a higher peak velocity in the condition 'large' than in the condition 'simple' (Fig. 3B) . The same was observed for the peak deceleration amplitude, while the peak acceleration amplitude decreased with the difficulty of the conditions.
Kinematics between the segments
Although the patients exhibited contextual influences similar to those of the controls, their behaviour at the reversal point between the movement segments revealed a special execution problem. As was observed for the peak amplitudes in the second segment, less modulation was observed for the reversal velocity in the Parkinson's disease patient group than in the controls (Table 2B) ; this resulted in a significant groupϫcondition interaction [F(1,56) ϭ 4.45, P Ͻ 0.05].
In comparison with the controls, who showed hesitations between the movement segments in 24% of the trials, Parkinson's disease subjects stopped more often in both sequential conditions (hesitations in 42% of the trials; P Ͻ 0.05, independent t test). In addition, the average prominent in the Parkinson's disease group. Subjects who hesitated in the condition 'large' also tended to hesitate in deceleration and peak acceleration increased to a lesser the condition 'small' (the Pearson correlation coefficients extent. Peak velocity, peak acceleration and peak deceleration between the number of hesitations in the conditions 'large' all decreased (see Table 2A for details).
and 'small' for the six controls and the 12 Parkinson's disease When the two groups were compared, there were no patients, who showed a significant number of hesitations, significant groupϫcondition interactions for any of the temwere r ϭ 0.76 with P ϭ 0.08 and r ϭ 0.71 with P Ͻ 0.01, poral parameters indicating that the temporal modifications respectively). To rule out the possibility that the occurrence in the patient group were similar to those of the controls.
of hesitations was a direct consequence of bradykinesia in This suggests that Parkinson's disease patients not only the patients, the correlation between hesitation duration and anticipate the forthcoming increase in difficulty, but also the following peak velocity amplitude was calculated and exhibit a temporal structure similar to that of the controls.
found to be non-significant (r ϭ -0.06, P ϭ 0.12). In Note, that this was not the case for the second part of the addition, Spearman rank correlation analysis revealed that movement (see changes in e.g. TS2, DT2 and PV2).
the hesitations were not related to age (r ϭ 0.28, P ϭ 0.375) or the stage (r ϭ -0.16, P ϭ 0.63) or duration of the disease (r ϭ 0.65, P ϭ 0.84).
Kinematics of conditions 'simple' versus 'large' and 'small'
For the control group, Fig. 3A shows that the time for the
Analysis at the subject level first segment (TS1) increased as the task became more
Correlation between the first and second difficult. The TPV1 and DT1 showed a similar pattern (Table  2A ). The amplitude of the first peak velocity decreased with
movement times
As reported in the above section, different behaviours across increased task complexity (Fig. 3B ). In addition, there was a reduction of the first peak acceleration and deceleration subjects were observed, e.g. some showed many and others showed few or no hesitations between segments. To take into and of the reversal velocity in parallel with the increasing complexity (Table 2A and B). account these different behaviours, additional analyses were performed at the subject level. For this purpose, the Pearson The Parkinson's disease patients showed a different movement pattern. For them, the TS1 in the condition correlation between the movement durations of the first and second segments was calculated for all trials within a subject 'simple' was longer than in both complex tasks, with a substantial prolongation of DT1 in the condition 'simple' in (see Table 3 ). High correlation values would indicate that the subjects executed the two movement segments with a contrast to the more complex conditions (Fig. 3A and Table Table 3 The first two columns for each group show the Pearson correlation coefficients between the first and second segment movement times (TS1 ϫ TS2) in the conditions 'large' and 'small'. The following columns show means of differences, comparing the conditions 'small' and 'large': DTS1 ϭ difference in TS1 (time of first segment); DPV1 ϭ difference in PV1 (first peak velocity); DMT ϭ difference in MT (total movement time). *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. similar time structure, while low correlation values would For the Parkinson's disease patients, the Pearson correlation between correlation coefficients in the condition 'large' and indicate that the subjects executed both segments separately. Both execution patterns were observed in both groups of 'small' was also significant (r ϭ 0.6, P Ͻ 0.05). In those Parkinson's disease patients with a higher correlation between subjects (see Table 3 ). Therefore, the five subjects in each group who exhibited the five highest and significant the segment movement-times, movement parameters revealed higher and more strongly modulated reversal velocities (33 Pearson correlation coefficients in the condition 'large' (r ജ 0.52 for controls and r ജ 0.56 for Parkinson's disease mm/s and 16 mm/s for the conditions 'large' and 'small', respectively), in contrast to those Parkinson's disease patients patients, P Ͻ 0.01) were selected as special subgroups showing correlated segment movement-times. Consequently, with a low segment movement-time correlation (8 mm/s for both conditions). Furthermore, in the Parkinson's disease the five subjects in each group who exhibited the five lowest and non-significant Pearson correlation coefficients (r ഛ 0.12 patients with a high correlation between the segment movement-times, the increase in TS2 (161 ms) and DT2 (118 for controls and r ഛ 0.22 for Parkinson's disease patients, P ജ 0.16) were also selected for the special subgroups with ms) in the condition 'small' compared with the condition 'large' was larger than that in the Parkinson's disease patients low correlations between segment movement-times (see also Fig. 4 for position and velocity data for a subject from each with a low correlation between segment movement-times (103 ms and 84 ms for TS2 and DT2, respectively). These subgroup). No separate analyses were run for the five subjects fitting in neither of these special subgroups.
effects were also reflected in the total movement-duration parameter, which was less modulated and longer in the For the control subjects, Table 3 displays the Pearson correlation coefficients of the segment movement times Parkinson's disease patients with a low segment time correlation. Interestingly, there was a positive correlation ordered according to the correlation coefficient for the condition 'large'. To demonstrate that the control subjects between the disease stage as determined by the Hoehn and Yahr scale and the segment movement-time correlation showed a consistent behaviour in both conditions, the Pearson correlation between the segment movement time correlation coefficients (Spearman's rank correlation: r ϭ 0.467, P ϭ 0.079 and r ϭ 0.526, P Ͻ 0.05 for conditions 'large' and coefficients of all 15 subjects in the conditions 'large' and 'small' was calculated and found to be highly significant 'small', respectively).
Comparisons between the groups revealed that the (r ϭ 0.84, P Ͻ 0.001). Then the movement kinematic differences between those subjects with low and those with Parkinson's disease patients hesitated more often between the segments than controls (see 'Analysis at the group level', high segment movement time correlation were analysed. The only trend noted was that controls with a high segment above), but the number of hesitations did not correlate with the degree of correlation between the movement segment movement time correlation revealed a longer RT (237 ms) than those controls with a low correlation (174 ms).
times (see Table 4 ), indicating that these phenomena appear 
Table 4 Pearson-correlation coefficients (r) and P-values relating the TS1ϫTS2 correlations with DTS1, DPV1, DMT and hesitations
Subjects and condition DTS1 DPV1 DMT Hesitations Controls and condition: 'large' r ϭ 0.26, P ϭ 0.36 r ϭ Ϫ0.29, P ϭ 0.29 r ϭ 0.62, P Ͻ 0.05* r ϭ 0.35, P ϭ 0.45 'small' r ϭ 0.20, P ϭ 0.47 r ϭ Ϫ0.16, P ϭ 0.58 r ϭ 0.53, P Ͻ 0.05* r ϭ 0.19, P ϭ 0.65 Parkinson's disease and condition:
'large' r ϭ 0.68, P Ͻ 0.01* r ϭ Ϫ0.47, P ϭ 0.08 r ϭ 0.39, P ϭ 0.16 r ϭ Ϫ0.35, P ϭ 0.27 'small' r ϭ 0.80, P Ͻ 0.001* r ϭ Ϫ0.57, P Ͻ 0.05* r ϭ 0.48, P ϭ 0.07 r ϭ Ϫ0.27, P ϭ 0.40
See Table 3 for the TS1 ϫ TS2 correlations for the individual subjects. *Significant relationship.
to be unrelated (see also Fig. 4) . When comparing the control (all P Ͻ 0.01) in both Parkinson's disease subgroups. Moreover, there was a significant context effect (kinematic and Parkinson's disease subgroups with high or low segment movement-time correlations, both Parkinson's disease changes between the conditions 'large' and 'small' in the first segment) in all four subgroups. However, in the subgroups executed their movements significantly slower than controls. There was a significant prolongation of MT, Parkinson's disease patients with higher segment movementtime correlation, significant subgroupϫcondition interactions TS1 and TS2, as well as a reduction of PV1 and PV2 for TS2 and DT2 revealed more severe difficulties at the by kinematic analysis of arm movement trajectories recorded end of the sequence. on a digitizer tablet. In agreement with previous studies (Evarts et al., 1981; Stelmach et al., 1986) , overall MTs were more prolonged than RTs in the Parkinson's disease patients.
Relationship between context effect and
In addition, both groups showed a trend towards a RT 'length movement time correlation effect' (Rafal et al., 1987; Stelmach et al., 1987) . Probably To compare individual movement time correlation (see Table  because only two movement segments were used, differences 3) with the 'context effect', the latter has to be described at in RT for the different conditions were not substantial in the subject level as well. For this purpose, the difference either group. The patients' bradykinetic behaviour was shown between the first segment movement-time (TS1) in the nth by their prolonged movement time, reduced peak velocities, trial in the condition 'small' and the nth trial in the condition and peak acceleration amplitudes for all movement 'large' was calculated with n in the range 1-50. Then, the components, and by the reduced speed in the movement mean of these 50 values was calculated for each subject reversal. (DTS1), leading to an estimate of the individual kinematic
To analyse the programming capability of the Parkinson's changes in the first segment due to the modified accuracy disease patients, the encoding of the movement context requirements in the second segment. The same procedure (Jeannerod, 1995) was examined in the two movement was used to calculate the mean difference of the first peak segments. Analyses at the group and subject levels revealed velocity amplitude between the conditions 'large' and 'small' that Parkinson's disease patients as well as controls for each subject (DPV1). Similarly, the mean difference of anticipated the increased difficulty in the second segment by the total movement time (DMT) between the conditions altering the kinematics of the first segment. In both groups, 'large' and 'small' in each subject was calculated as a the movement time of the first segment was prolonged in the parameter of changes (especially in the second movement more difficult condition 'small' compared with the condition segment) due to target size changes.
'large', due to a lengthening of time to peak velocity and In all control subjects at least one of the two parameters, peak deceleration. The amplitudes of peak velocity, peak DTS1 and DPV1, was significantly changed when the acceleration and peak deceleration were reduced under difference between condition 'large' and 'small' was tested increased accuracy requirements in both groups. Since the by a dependent t test (P Ͻ 0.01), with more pronounced first segment was identical in all three conditions, the adjusted changes for DPV1. There was no correlation between the kinematics can be interpreted as correct encoding of the individual 'context effect' parameters (DTS1 and DPV1) movement context in both groups indicating preserved motor and the individual segment movement time correlation programming in the Parkinson's disease patients. To our coefficients for the conditions 'large' and 'small' (see Table  knowledge , this is the first study which quantitatively 4). However, a significant correlation between DMT and measured the influence of the movement context on motor the segment movement-time correlation coefficients for the execution for control and Parkinson's disease subjects with condition 'large' (r ϭ 0.62, P Ͻ 0.05) and 'small' (r ϭ 0.53, the help of kinematic analysis. A correlation analysis of the P Ͻ 0.05) was found. Therefore, the higher the correlation segment movement times at the subject level revealed between the segment movement times the more pronounced different behavioural patterns across the control group as was the effect of the target size on total movement duration.
well as the Parkinson's disease patient group; there was an In the Parkinson's disease patients, the 'context effect' equal number of subjects in each group who either showed between the conditions 'large' and 'small' was observed at a high or low correlation between segment movement times the subject level as well (also more pronounced for DPV1) of the first and second segment. Some patients executed the with the exception of Patients 8 and 14. In contrast to the segmented movement in a segment-by-segment fashion with controls, the Parkinson's disease patients showed a significant a low correlation between movement segments and with correlation between the 'context effect' parameters (DTS1 lower velocities, presumably allowing more time for the and DPV1) and the segment movement-time correlation control of their motor impairments, while others executed coefficients (see Table 4 ). The correlation was more the segmented movement with a high correlation between pronounced for DTS1 than for DPV1 with the condition movement segments and with higher velocities leading to an 'small' having more impact than condition 'large'. However, accumulation of problems in the termination phase of the calculating the Pearson correlation between the segment movement. Note that in almost all Parkinson's disease patients movement-time correlation coefficients for the conditions (and all control subjects) the kinematic changes indicated 'large' and 'small' and the parameter DMT (indicating the preserved programming capabilities in terms of the 'context influence of target size) only revealed a trend in the condition effect' irrespective of whether they showed high or low 'small' (r ϭ 0.475, P ϭ 0.073).
segment movement-time correlations. However, the 'context effect' changes were more pronounced in the Parkinson's disease and control subgroups who showed highly correlated Discussion segment movement times within each trial. The goal of our study was to examine deficits in the programming of sequential motor tasks in Parkinson's disease
The capability of implementing the motor programme was evaluated by analysing within each trial the kinematic programming the heterogeneous sequences as indicated by a less prominent length effect, while the programming of the differences for the transition phase between the segments and at the end of the sequence. Parkinson's disease patients repetitive sequences was intact. These authors stated that programming still takes place during the longer interresponse modulated their reversal velocities less and showed longer and more frequent hesitations between the segments than times. In the present study, the occurrence of similar kinematic adjustments in the first segment of the sequence for both controls. Since the 'context effect' demonstrated the integrity of motor programming of the two-segment sequence in the groups suggests that the subjects responded to the increased accuracy requirements in the second segment by a modified Parkinson's disease patients, these hesitations may reflect a disturbance in executing the motor programme step by step. motor programme. It is, therefore, more likely that the hesitations are caused by the difficulty in selection and In addition, the lack of a relation between the number of hesitations and the segment movement-time correlations initiation of the next step in the motor programme (Bloxham et al., 1984) than to faulty generation of the motor programme (Table 4) indicate that execution of the segmented movement can be interrupted without influencing the higher organization itself. That the Parkinson's disease patients in Harrington and Haaland's (1991) study had more difficulties with the of the movement. Therefore, the use of extensive kinematic and correlation analysis allows to explore the organization heterogeneous sequences in contrast to the repetitive sequences, also supports the hypothesis that it is the of movement in its context and, thereby, helps to disentangle the various motor impairments in Parkinson's disease patients, implementation of the next programme step which is defective. It can be assumed that the time necessary to which are often not properly separated in the literature.
Our findings are in agreement with those of Benecke et al. implement the next part of the motor programme is dependent on the difference in complexity between the parts of the (1987), who also observed that 'the overall timing mechanism was intact in patients with Parkinson's disease'. Their patients motor programme. With increasing difference in complexity, the disturbed implementation process in Parkinson's disease also showed problems in implementing the programme, as indicated by a lengthening of pauses and intersegment should cause a more pronounced deficit and/or hesitation between the movement segments. While our study latencies. Such implementation problems could also be responsible for the observed hesitations between movement demonstrates that a deficit of motor programming itself is unlikely to be responsible for disturbed sequencing in segments (Agostino et al., 1992) . The examination of finger tapping sequences, with and without an additional force Parkinson's disease, further research is necessary to evaluate the nature of the implementation problem. component, in Parkinson's disease patients and controls by Stelmach et al. (1989) supports this notion. When Parkinson's Parkinson's disease patients, like the controls, changed the organization of the second segment in relation to target size. disease patients were required to apply a stronger force on only one of the finger taps, i.e. to implement an additional These kinematic findings were supported by the number of wrongly executed trials, which were not further analysed. component into the motor programme for the tapping sequence, they showed hesitations by breaking the tapping Both groups produced significantly more erroneous trials in the condition 'small' than in the other two conditions sequence into two distinct parts, before and after the special tap. In a recent study, Bennett et al. (1995) reported hesitations indicating that the task used was sufficiently demanding for both subject groups. The similarity of the distributions of in a drinking action of Parkinson's disease patients. They also found no correlation between the hesitations and other erroneous trials across all three conditions for both groups proves that the reported kinematic findings cannot be parameters, such as stage of disease, age, or speed of movement, and described an undisturbed 'proportional explained by a biased trial selection. Both groups lengthened movement time and reduced velocity and acceleration during organization of the action'. Therefore, the hesitations which are observed by many investigators seem to reflect a deficit the second segment under the 'small' as compared with the 'large' condition. When analysing the relationship between of programme implementation in Parkinson's disease patients. Our findings, as well as those just summarized, support segment movement time correlations, parameters representing the 'context effect', and the influence of target size at the Marsden and Obeso's hypothesis (1994) that the normal function of the basal ganglia, which is disturbed in Parkinson's subject level, the target size effects were more pronounced for control subjects with highly correlated segment movement disease, is the 'routine automatic execution of sequences of movements generated in cortical motor areas'.
times. The context effect changes were present in all control subjects, but not associated with the degree of segment The finding of preserved motor programming, but disturbed programme implementation in Parkinson's disease is contrary movement time correlation. For Parkinson's disease patients, however, the segment movement time correlations were not to Harrington and Haaland's (1991) interpretation of their study, in which the patients performed hand posture sequences only related to parameters representing the target size effects, but also strongly related to those parameters representing the of varying lengths. These consisted of either the same (repetitive sequences) or different postures (heterogeneous 'context effect'. A possible interpretation of these results is that Parkinson's disease patients and normal subjects with a sequences). The comparison between the repetitive and heterogeneous sequences in their study revealed that high correlation of movement segments connect the motor programming and implementation processes more strongly Parkinson's disease patients seemed to be impaired in and reduce the degrees of freedom in the motor system. The patients showed pronounced hesitations between the segments and problems in the termination phase of the movements, positive correlation of disease stage (Hoehn and Yahr, 1967) with the segment movement time correlation coefficients possibly due to programme implementation difficulties caused by an inability to rapidly modify force. suggests that with progression of the disease the degrees of freedom in the motor programming processes become reduced.
While the target size effects were present in both subject
